Abstract The purpose of this study was to test the hypothesis that, in idiopathic minimal lesion nephrotic syndrome (IMLNS), the T regulatory (T reg) cell suppressor mechanism is deficient, thereby enhancing cytokine release by T effector cells. Twenty-one patients with IMLNS, eight healthy controls and two patients with nephrotic syndrome and membranoproliferative glomerulonephritis were studied. The percentage of T reg cells was similar in the healthy controls and in patients with IMLNS in relapse or in remission. Thymidine incorporation in autologous T effector cells, as well as expression of the regulatory cytokine interleukin (IL)-10, was significantly reduced in patients in relapse when compared with patients in remission and healthy subjects. IL-2 expression was also reduced in patients in relapse but did not achieve statistical significance. In a different set of experiments, T cells, from subjects with IMLNS in remission, when stimulated with antiCD3-antiCD28 antibodies, secreted increased levels of cytokines. No such increase in cytokines was observed when cells from healthy controls were stimulated with same mitogen. The impaired T reg cell function observed in these patients may have pathogenic and therapeutic implications, because it could explain the persistence of the proposed pathogenic cytokines observed in the patients with IMLNS.
Introduction
Idiopathic minimal lesion nephrotic syndrome (IMLNS), the most common type of nephrotic syndrome in children and adolescents, is currently considered an immune mediated disease [1] . In 1974 Shalhoub proposed the hypothesis that IMLNS was a T cell disorder [2] . Circulating T cells were postulated to release cytokine(s) that reached the glomerulus and induced an increase in permeability to plasma proteins. Indirect evidence for this hypothesis was supported by the absence of humoral (immunoglobulins and complement) components in glomeruli, the often prompt response to treatment with agents known to inhibit T cell function (corticosteroids, cyclosporine, cyclophosphamide, mycophenolate), the association of remission following measles infection (which is known to depress T cell immunity), and the association with T cell disorders, such as Hodgkin's lymphoma [2] .
A specific pathogenic cytokine has not yet been identified, but several cytokines known to be elevated in the serum of patients with IMLNS during relapse have been shown to increase glomerular permeability to plasma proteins, among them interleukin (IL)-8 [3] , 100 kDa glycoprotein [4] , IL-13 [5] , and a cytokine described by Koyama et al. [6] . These latter authors were able to immortalize T cells from patients with IMLNS and show that the T cell culture supernatants could induce massive proteinuria in rats.
Normally, the expression and release of cytokines by T cells is transient, due to the activation of T regulatory (T reg) cells that act on the T effector (T eff) cell to suppress their production of cytokines [7] [8] [9] . The purpose of this study was to test the hypothesis that, in IMLNS, the T reg cells suppressor mechanism is deficient, thereby allowing the T eff cells, after stimulation, to secrete excessive amounts of cytokines. The impaired T reg cell function in these patients may have pathogenic and therapeutic implications, because it could explain the persistence of the proposed pathogenic cytokines observed in patients with IMLNS.
Subjects and methods

Subjects
The study included two different sets of tests involving two different groups of patients. A total of 31 individuals participated in the study. Twenty-two patients participated in T cell suppression studies, and nine individuals were included in the cytokine production analyses.
(a) Suppression studies (Table 1) . Sixteen patients with biopsy proven IMLNS (eight in relapse and eight in remission), four healthy controls and two patients with nephrotic syndrome and membranoproliferative glomerulonephritis were included in this phase of the study.
Immunosuppressive therapy at the time of the study is shown for each patient in Table 1 . Relapse was defined as proteinuria [> 3.0 urinary protein (in milligrams)/creatinine (in milligrams) ratio or 3 + or greater by colorimetric dipstick test with tetrabromophenol-citrate buffer] and a (b) Cytokine production by mononuclear cells in peripheral blood of patients with IMLNS and in that of controls (Table 2 ). Five patients (aged 38-57 years) with IMLNS in remission and off immunosuppressive therapy and four healthy controls (aged 23-48 years) were studied.
The study was approved by the Institutional Review Board of the University of Florida, USA, and informed consent was obtained from each patient.
Methods
Flow cytometric analysis was undertaken and forkhead box p3 (Foxp3) expression was investigated ( Fig. 1 ) [11] . For flow cytometry, whole blood was collected in K-EDTA S-Monovette tubes (Sarstedt, Newton, NC, USA) and immediately subjected to cellular staining. Whole blood Cell purification Peripheral blood was collected in Vacutainer tubes containing sodium heparin. An accessory cell population (>98% T cell depleted) was produced by incubation of an aliquot of blood with a T cell depletion antibody cocktail (StemCell, Vancouver, BC, Canada) followed by density gradient centrifugation and subsequent irradiation (3,300 rad). The CD4 + T cell population was purified by negative selection using a CD4 + T enrichment cocktail (StemCell). After purification and washing in phosphate-buffered saline (PBS) solution containing 2% AB serum, the 'untouched' CD4 + population underwent a + T reg cells to suppress the proliferation of co-cultured T eff cells [11] . Regulatory T cells were added in decreasing ratios (1:0, 1:1, and 0:1) to a constant number of T eff cells (5×10 3 cells per well). A combination of 5 µg/ml soluble anti-CD3 and 2.5 µg/ml soluble anti-CD28 (eBioscience) antibodies provided the polyclonal stimulus for proliferation over a 5-day culture period. The 5×10 4 irradiated T cell-depleted accessory cells were also added to each well in a total volume of 200 µl. One γCi 3 H-thymidine (Amersham Biosciences, Piscataway, NJ, USA) was added at the end of the 5-day period for the final 16 h culture to assess proliferation. Supernatants from three to six replicate wells were collected for each condition at day 5, just before the addition of 3 H-thymidine to assess cytokine production. Suppression was determined by the reduction of Cytokine profile The cytokine profile from the suppression assay was assessed on supernatants collected at the end of the 5-day incubation period with a commercially available multiplex kit (Beadlyte human multi-cytokine detection system 3, Upstate Biotechnology, Waltham, VA, USA) and the Luminex (100) LabMAP system (Austin, TX, USA). Levels of IL-2 and IL-10 were simultaneously determined. Transforming growth factor-beta 1 (TGF-β1) levels were determined by standard enzyme-linked immunoassay (Bioscience, Camarillo, CA, USA).
Cytokine production by mononuclear cells in peripheral blood of patients with IMLNS and in that of controls Mononuclear cells in peripheral blood were separated by Ficoll-Hypaque gradient and cultured in triplicate in Roswell Park Memorial Institute (RPMI) culture medium with 5% AB serum at the concentration of 1×10 5 cells/ml per 200 µl per well. Cells were stimulated with antiCD3-antiCD28 antibodies (5 µg/ml and 2.5 µg/ml, respectively) (eBioscience). Twenty-four hours later, culture was terminated and the supernatant was recovered. The following cytokines were measured with the Luminex (100) system (LabMAP): IL-2, IL-8, IL-13, interferon-gamma (IFN)-γ, and tumor necrosis factor-alpha (TNF-α).
Statistical analysis
Statistical analyses were performed by nonparametric tests, including the Kruskal-Wallis one-way analysis of variance and the Mann-Whitney U test. For paired data, the Wilcoxon test was used. Receiver operator characteristic curve analysis was used to determine possible cut off values to differentiate patients with IMLNS from healthy subjects. All data are presented as means ± standard errors of the means (SEMs). The two patients with membranoproliferative glomerulonephritis (MPGN) and nephrotic syndrome had a suppressive capacity of T reg cells similar to that observed in healthy subjects (Fig. 2) . 3. Release of regulatory cytokines by T cell co-cultures.
Results
After 5 days of incubation, the supernatant concentration of IL-10, IL-2, and TGF-β by T cells from H-thymidine incorporation in healthy subjects, patients with IMLNS in relapse and remission, and nephrotic syndrome from other glomerulopathies patients with IMLNS in relapse was compared with that observed in healthy controls and patients with IMLNS in remission. Figure 3 shows supernatant concentrations of the tested cytokines (in picograms per milliliter) after the co-culturing of T reg cells and autologous T eff cells (1:1) for 5 days. A significant reduction in IL-10 (P<0.0191) was observed in supernatants from patients with IMLNS in relapse and in remission when compared with those from healthy subjects (Fig. 3a) . No differences were found between patients with IMLNS in relapse and in remission. Receiver operator curve (ROC) analyses were used to establish a cut-off value for IL-10 in the differentiation between patients with IMLNS and control subjects. A value less than 7.6 pg/ml, which represented the upper limit found in patients with IMLNS, had 84% sensitivity and 83% specificity for differentiating individuals with IMLNS from healthy individuals (likelihood ratio 5.08, P=0.001).
When IL-2 response was studied, IL-2 was not significantly reduced in patients with IMLNS in relapse when compared with that in healthy controls (P=0.18) or when compared with that in patients with IMLNS in remission (P=0.33). However, IL-2 concentration was significantly reduced in patients in remission (P=0.02) when compared with normal controls (Fig. 3b) .
When TGF-β supernatant concentrations were compared between patients in relapse and normal subjects or patients in remission, no significant differences were found among the groups (Fig. 3c). (b) Cytokine production by mononuclear cells in peripheral blood of patients with IMLNS and of controls ( Table 2 ). The reduction in regulatory cytokines observed in the supernatant of co-cultured T reg and T eff cells in previous experiments contrasted with the cytokine pattern observed in supernatants from peripheral blood mononuclear cell (PBMC) cultures from patients with IMLNS and normal controls stimulated with antiCD3-antiCD28 antibodies. In these studies, stimulated PBMC supernatants from IMLNS patients in remission displayed significantly higher levels of IL-8, TNF-α and IL-2 after stimulation. No such statistically significant increase in these cytokine levels was observed when PBMCs from healthy control subjects were stimulated with antiCD3-antiCD28 antibodies (Table 3) . No statistically significant differences were seen before and after stimulation in both nephrotic patients and controls with respect to IFN-γ and IL-13.
Discussion
Regulatory T cells are a specialized subpopulation of T cells that actively suppress activation of the immune system [12] . Natural T reg cells are phenotypically recognized by their constitutive expression of CD4 and CD25 (alpha chain of the receptor for interleukin-2) and the forkhead family b IL-2 in supernatants of T reg and T eff cell co-cultures from IMLNS patients (relapse and remission) and healthy controls. c TGF-β in supernatants of T reg and T eff cell co-cultures from IMLNS patients (relapse and remission) and healthy controls transcription factor FoxP3 (forkhead box p3) [13, 14] . They are cells of the adaptive immune system and represent 2-3% of CD4 + cells in humans [15] . We have previously demonstrated that the frequency of CD4 + CD25 + FOXP3 + T-cells is age independent [11] . This is the first report on T reg cell function in patients with IMLNS. Previous studies on T lymphocytes in IMLNS have only demonstrated that the distribution of T and B cells in these patients is not different from that in healthy controls [16] [17] [18] [19] . Only two reports present data on CD4 + CD25 + T cells, but neither distinguished between activated T eff cells (which express both receptors) and natural T reg cells (which express both receptors and Foxp3) [20] [21] [22] .
Our study indicated that T reg cells from patients with IMLNS in relapse have an impaired ability to suppress T eff cell proliferation. This defect was corrected when the patients were in remission, as T eff cell proliferation was significantly greater than that observed in patients with IMLNS in relapse and was not significantly different from that seen in healthy controls. Moreover, it was not secondary to the nephrotic milieu, because patients with membranoproliferative glomerulonephritis and nephrotic syndrome demonstrated a normal capacity to suppress T eff cell proliferation.
This impaired ability to suppress T eff cell proliferation did not seem to be due to an overall reduction in the number of T reg cells, since the frequency of these cells did not differ among the groups. However, as long as there is no precise identification of the clone of T reg cells involved in IMLNS, the effect could still have been due to a decrease in the number of specific T reg cells.
The mechanism of the impaired regulatory function could be related to the fact that IL-10 release [23] was reduced in the co-culture of T eff and T reg cells. The molecular mechanism by which T reg cells exert their suppressor/regulatory activity has not been definitively defined. There are divergent opinions regarding the importance of cell-cell contact versus secreted cytokines in their suppressive functions [24] . In vitro experiments have suggested the need for cell-to-cell contact rather than soluble mediators [25] . In vivo studies have suggested a pivotal role for interleukin 10 in T reg cell function [24] . Activated T reg cells secrete large amounts of IL-10 and often TGF-β [26] . Most models implicating IL-10 also associate TGF-β [24] . IL-10 may act locally at the site of inflammation, while TGF-β seems to have a more systemic effect in the immune response [24] .
Associated with this impaired suppressor effect, we observed that PBMCs from patients with nephrotic syndrome had the capability to release more cytokine than those from healthy controls when stimulated. We used antiCD3-antiCD28 as stimuli because these were the same stimuli as in our suppression assay. A non-specific increase in cytokine secretion by PBMCs from patients with IMLNS has been previously reported in several studies using different mitogens [27] [28] [29] [30] [31] [32] . IL-2, IL8, and TNF-α were found to be increased or unchanged in these studies [27, 33] . However, no reports on the use of antiCD3-antiCD28 as mitogens to evaluate cytokine production in nephrotic patients have been published. It is difficult, therefore, to compare our results with those previously reported.
The subjects in this phase of the study were all young or middle-aged adults, and, therefore, the results may not be applicable to children. There are no reports that specifically studied the age-related changes after antiCD3-antiCD28 stimulation. However, comparisons between elderly and young adults (aged 18-22 years) using antiCD3 as a mitogen gives inconclusive results for the cytokines measured in this study. Some of the reports observed no changes, while others showed decreased or increased cytokine production in the two groups studied.
In patients with IMLNS the impaired T reg cell function may elucidate the mechanism for the elevated serum levels of the pathogenic cytokine. We have previously shown that chronic infusion of IL-8 induced proteinuria in rats. In addition, in comparison with that in healthy subjects, IL-8 mRNA half life [t(1/2)] is prolonged in these patients, due to altered post-transcriptional regulation [34] , leading to persistent secretion of cytokine. Owing to the impaired negative feedback mechanism because of deficient IL-10 release by the T reg cell, the T eff cell may continue secreting IL-8, among other cytokines, including the elusive pathogenic cytokine postulated in patients with IMLNS. In this study all patients with IMLNS in relapse were studied while they were off immunosuppressive therapy, except for two patients, one of whom was receiving 5 mg prednisone every other day. Therefore, the observed T reg cell dysfunction cannot be attributed to the effect of steroids on T cell function. Moreover, immunosuppressive therapy given to IMLNS patients may induce remission by inducing recovery of the T reg cell suppressor function, as seen in our patients. Corticosteroids have been shown to stimulate the generation of IL-10-producing suppressive T cells [35] . In our patients, both IL-2 and IL-10 concentrations were not increased in supernatants of T reg and T eff cell co-cultures of the patients with IMLNS in remission when compared with those seen in patients in relapse, and they were reduced when compared with those observed in healthy subjects.
In summary, we present the first evidence of impaired T reg cell function in patients with IMLNS. This finding was associated with increased production of some cytokines by IMLNS PBMCs in response to stimuli. The deficient suppressor T reg cell activity could have pathogenic and therapeutic implications, because it could explain the increased levels and persistent activity of the postulated pathogenic cytokine in patients with IMLNS.
